Detergents are widely used to improve the solubilization and extraction of hydrophobic membrane proteins in proteomics. Since most detergents are not compatible with subsequent steps of analysis, the removal of detergents from samples, especially those in micro-scale amounts, is a worthy topic of investigation. In this paper, we present a novel polyvinylidene difluoride (PVDF) membrane-mediated sample preparation method for micro-scale membrane proteome analysis, using a rat liver cell membrane-enriched fraction as model material. The proteins in the fraction were extracted in a 2 % sodium dodecyl sulfate (SDS) solution and the protein solution was applied on a piece of PVDF membrane followed by drying and repeated washing in order to remove SDS and other salts. Quantitative determination indicated that about 84% of the SDS in the sample was removed and protein loss was less than 10%. Four methods were used and compared for digesting the proteins adsorbed on PVDF membrane. Dimethyl formamide (DMF)-assisted digestion was the most effective with regard to the identification of membrane proteins, particularly the highly hydrophobic multi-transmembrane proteins. These results demonstrate that PVDF membrane-aided sample cleanup combined with DMF-assisted digestion has potential utility in the micro-scale membrane proteome analysis.
Introduction
Biological membranes particularly the plasma membrane are key subcellular structures and involve many cellular functions such as organelle partitioning, substance exchange, energy production and conversion, and signal transduction [1] .
Membrane proteins are the main component of biological membranes and the functions of membranes are essentially carried out by the proteins. Therefore, a better knowledge of the membrane proteome will lay a valuable theoretical base for understanding of the structure and function of life systems.
Although proteomic technologies have made rapid progress in recent years, membrane protein analysis has lagged behind that of soluble proteins and still presents an analytical challenge. One of the main reasons is that most membrane proteins, especially those integral to or tightly associated with lipid membranes, are usually of high hydrophobicity and are difficult to dissolve in an aqueous buffer, which adversely affects the proteolysis and identification of membrane proteins.
A variety of reagents such as detergents [2] [3] [4] [5] and organic solvents [6] [7] [8] have been used, alone or in various combinations [9] , in order to enhance the solubilization and extraction of membrane proteins from biological membranes. Masuda et al. [10] showed that, among the reported 27 enhancers including RapiGest and urea, sodium dodecyl sulfate (SDS) has the strongest ability to solubilize the membrane fraction from E. Coli. Although SDS-assisted extraction can provide the highest protein yield [13] the critical disadvantages of using SDS, even at low levels, are that it significantly reduces the activity of proteolytic enzymes and interferes with subsequent HPLC separation and MS analysis [11, 12] , which often leads to poor protein identification. Therefore, after membrane proteins are initially solubilized and extracted with a buffer containing a high concentration of SDS, the detergent must be removed or diluted to a low concentration (typically ≤ 0.1 %) prior to trypsin digestion and liquid chromatography -tandem mass spectrometry (LC-MS/MS) analysis [14] . Dilution is not an optimal method because it reduces protein concentration and can lead to protein precipitation, making subsequent analysis even more difficult. Therefore, the removal of detergent from membrane protein extracts, particularly those in micro-scale amounts, while preventing the loss of protein is a topic worthy of investigation.
of interest, and dissolving the bands in dimethylformamide (DMF). Before tryptic digestion, NH 4 HCO 3 buffer was added to moderately adjust the DMF concentration (to 40%) in order for trypsin to exert its activity. Experimental results showed that, due to the actions of DMF in dissolving PVDF membrane and the membrane-bound proteins, the proteins were virtually in-solution digested in DMF-containing buffer. This protocol allowed more efficient protein digestion and peptide recovery, thereby increasing the sequence coverage and the confidence of protein identification [28] . Based on the special features of PVDF membranes, we postulated that the PVDF membranes would have potential in the sample cleanup of SDS-solubilized hydrophobic membrane proteins. Therefore, we developed and evaluated the PVDF membrane-mediated sample cleanup method. In this method, proteins in a membrane-enriched fraction were first extracted with a buffer containing a high concentration of SDS (final concentration 2.11%). The extract was applied to a PVDF membrane and SDS and other salts were 
Experimental Procedures

Materials
Enrichment of rat liver plasma membranes
Rats were killed after being starved for 24 h, and their livers were excised. After a wash with 0.9 % NaCl and removal of the gall bladder and blood vessels, the livers were minced into pieces and homogenized in an ice-cold buffer containing 250 mM sucrose, 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM Various conventional strategies of sample cleanup have been applied to remove SDS and other contaminants from protein samples and achieve maximum protein recovery.
These include protein precipitation, solid-phase extraction, hydrophobic adsorption, ion-exchange chromatography, gel filtration, ultrafiltration and dialysis [3, [15] [16] [17] [18] [19] [20] [21] . Gel filtration and dialysis are not suitable for the cleanup of samples on the micro-scale due to nonspecific adsorption of proteins onto the gel matrix or semi-permeable membrane.
Lu et al. [22] have developed a new gel-based sample cleanup method: tube-gel digestion. However, in this method protein loss is still unavoidable, because there is always a certain volume of sample solution excluded from the gel during gel polymerization.
In addition, the protein samples cleaned up by the gel-based method generally have to be digested in the gel, which has some inherent limitations such as low accessibility of proteases to the deeply gel-entrapped proteins that would lead to low cleavage yields of these proteins and low recovery of proteolytic peptides of large size and/or high hydrophobicity. Recently, the filteraided sample preparation method reported by Wiśniewski et al. [23] was used for removal of SDS and other contaminants, but showed limited identification at low protein amounts, probably due to nonspecific binding of proteins and peptides to the spin filters [24] . Existing methods for the cleanup of protein samples are still problematic and remain to be optimized with respect to SDS removal efficiency, protein recovery and/or operation process, particularly when used in the analysis of micro-scale protein samples.
In the present work, we describe a novel polyvinylidene difluoride (PVDF) membrane-mediated sample preparation method for micro-scale membrane proteome analysis by LC-MS/MS, using a rat liver cell membrane-enriched fraction as model material. PVDF membranes are a mechanically rigid, solid phase that binds proteins by hydrophobic interactions, and has seen wide applications in the field of biological sciences, such as immunoblotting to detect proteins (western blot analysis) and sequencing of small amounts of proteins [25] [26] [27] . On-mem 2 The proteins were on-membrane digested in 80% ACN/100 mM NH 4 HCO 3 according to the method described by Bunai et al. [25] and the procedure was as On-mem 1 above except the NH 4 HCO 3 buffer contained 80 % ACN.
Ex -sol
The proteins on PVDF membrane were extracted and then digested in solution according to the method described by Jonsson et al [33] . Briefly, the PVDF with the adsorbed proteins was cut into several pieces and 100 μL of 70 % ACN containing 1 % TFA was added, followed by vortexing for 5 min and sonication for 30 min. After incubation at 42°C overnight and sonication for another 30 min, the solution was recovered and the PVDF pieces were rinsed three times with 100 μL fresh extraction solution. The extracts were pooled and dried in a Speed-Vac (Labconco). Then the lyophilized protein extract was dissolved in 30 μL of 100 mM NH 4 HCO 3 (pH 8.0) and digested using trypsin at an enzyme: proteins ratio of 1:50 overnight at 37°C. After digestion, the solution was concentrated in a SpeedVac (Labconco) and stored at -20°C for further analysis.
DMF-assisted
This digestion was carried out according to our previously reported method [28] . Briefly, the PVDF with the bound proteins was first dissolved in pure DMF (≥ 99.8 %), and before tryptic digestion NH 4 and washed with the above mentioned buffer three times. Further enrichment was performed on the same ultracentrifuge with a discontinuous sucrose density gradient. The pellet was mixed with 60 % sucrose, above which 45%, 41% and 37% sucrose solutions were sequentially layered on. After being centrifuged at 4°C with 24 000 × g for 3 h, the plasma membrane-enriched band formed at the interface between 37% and 41% sucrose solutions was collected and washed three times with buffer containing 50 mM HEPES, 1 mM PMDF, pH 7.5. After centrifugation at 100 000 × g at 4°C for 30 min, the resulting plasma membrane-enriched pellet was collected. The protein content of this fraction was determined by the Bradford method with bovine albumin as standard [29] . All procedures conformed to the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Protein extraction and the quantitative evaluation of SDS removal and protein loss
The proteins in the plasma membrane-enriched fraction were extracted with 2.11% SDS (final concentration) and then reduced with DTT and alkylated by IAA according to the procedure described previously [30] . 
Capillary LC-MS/MS analysis of tryptic digests
All the tryptic digests prepared in above methods were analyzed by capillary liquid chromatography coupled with tandem mass spectrometry (CapLC-MS/MS). Liquid chromatography was performed using an Agilent 1200 LC system with an autosampler.
Samples were desalted and pre-concentrated on a short C18 pre-column Zorbax SB (500 μm i.d. 
Data analysis and bioinformatics
The initial MS and MS/MS data were analyzed and Mascot compatible .mgf files were created using DataAnalysis 
Identifi cation of the proteins on PVDF membrane in different digestion methods
The effi ciency of protein identifi cation is the most critical fi gure of merit for assessing a method of sample preparation, which in turn is largely dependent on the effect of protein digestion. At present, the methods for digestion of the proteins immobilized on membranes such as PVDF and NC membranes can be classifi ed into three main classes: direct on-membrane digestion [25, 37] , extraction of proteins from the membrane followed by in-solution digestion [33] and dissolution of membrane followed by in-solution digestion [28, 38] . The reported experimental results in these methods were not consistent and, in some cases, were contradictory. In the present study, the effi ciencies of protein identifi cation using four different digestion methods When the membrane proteins identifi ed using the four different digestion methods were analyzed separately, it was found that the membrane proteins identifi ed in On-mem 1, On-mem 2, Ex -sol and DMF-assisted methods contained 59, 73, 63 and 81 transmembrane proteins, respectively (Table 1) . With regard to the numbers of identifi ed membrane proteins and transmembrane proteins, the DMF-assisted method gave rise to the best protein identifi cation effi ciency, which could be attrib uted to the ability suggesting that the extraction effi ciency of such proteins in Ex-sol method was limited. This is consistent with the results reported in the literature. For example, it was reported that the protein extraction yield was 60-70 % but ranged from 43 up to 85 %.
As the size increased to above 50 kDa, as tested with BSA (67 kDa) and phosphorylase B (97 kDa), the extraction effi ciency was less effi cient, possibly due to their strong binding to the PVDF membrane [33] . Figure 4 and Supplementary Table S1 show the distribution of the identifi ed membrane proteins as a function of pI. The identifi ed proteins were distributed across a wide pI range (4.36 -9.88), mostly in the range of 5.0 -6.0 and 8.0 -9.0. There were no obvious differences among the distribution profi les of the proteins identifi ed using the four different methods.
The identifi ed membrane proteins were also compared based their calculated grand average of hydrophobicity (GRAVY) values.
GRAVY is a measure of the hydrophobicity of a protein and can be used to predict the strength of the interaction between proteins and PVDF membrane to a certain extent. It is generally accepted that proteins with a positive GRAVY value are regarded as hydrophobic and those with a negative GRAVY value as hydrophilic [40] . Figure 5 shows that Ex-sol method was more favorable for the extraction could be attributed to the ability of DMF to completely dissolve the PVDF membrane and the membrane-bound proteins, thus not only destroying the interactions between proteins and PVDF but also increasing the solubility of proteins. Although the addition of aqueous NH 4 HCO 3 to dilute DMF before tryptic digestion led to some PVDFs precipitation, all the proteins still underwent insolution digestion. In addition, it was reported that trypsin has high stability in a 30-40% DMF solution [20] . Compared with the other methods, the DMF-assisted method was more effective for digestion and identifi cation of membrane proteins loaded on a PVDF membrane.
In order to validate the above conclusion further, we compared the main physicochemical properties of the membrane proteins identifi ed in the four different digestion methods. Figure 3 shows the distribution of the identifi ed membrane proteins as a function of molecular weight. It could be found that the identifi ed proteins were mainly distributed in the MW range of 20-80 kD.
DMF-assisted and On-mem 2 methods were more effective than the other two methods in the identifi cation of membrane proteins with molecular weight greater than 60 kD. The Ex-sol method was the least effi cient in the identifi cation of high MW proteins, Table S1 ). It can therefore be concluded that the DMF-assisted method was the most effective method at identifying membrane proteins, particularly multitransmembrane proteins.
Comparison of DMF-assisted digestion and conventional SDS-aided solution digestion
SDS is a classic detergent and is extremely efficient at solubilizing and denaturing proteins. At low concentrations (0.1 % or less), SDS is readily compatible with most digestive enzymes. As such, SDS is often used at concentrations of from 0.5 % to 4 % in the starting buffer, and then diluted to 0.1% or less prior to the in-solution digestion of membrane proteins [7, 14, 42, 43] .
To further evaluate the efficiency of DMF-assisted digestion for the identification of membrane proteins, this digestion strategy and identification of hydrophilic proteins with negative GRAVY value. Compared with the other three methods, the DMF-assisted method was more effective at identifying hydrophobic membrane proteins with positive GRAVY values.
Transmembrane proteins have one or more hydrophobic transmembrane domains and are generally more difficult to dissolve and extract than other membrane proteins. Much effort has been focused on the characterization of such proteins in the field of membrane proteomics [1, 2, 41] . In the present work, we also compared transmembrane proteins identified using the four different digestion methods in order to develop an effective strategy for their analysis ( Figure 6 and Table S1 ). It Supplemental data Supplementary Table S1 shows the information on the membrane proteins identified from the rat liver cell membrane-enriched fraction using four different digestion methods. Supplementary Table S2 shows the information on the membrane proteins Table 2 and Supplementary Table S2, the identification of membrane proteins using DMF-assisted digestion was superior to using conventional SDS-aided solution digestion when other experimental conditions were the same. This is reflected in higher numbers of identified total membrane proteins, hydrophobic membrane proteins and transmembrane proteins. For example, the numbers of total membrane proteins and transmembrane proteins identified based DMF-assisted digestion were 105, and 81, respectively, about two-fold higher than those identified using SDS.
In summary, we developed a novel PVDF membrane- 
